Nitrogen deposition alters forest ecosystems particularly in high elevation, montane habitats where nitrogen deposition is greatest and continues to increase. We collected soils across an elevational (788-1940 m) gradient, encompassing both abiotic (soil chemistry) and biotic (vegetation community) gradients, at eight locations in the southern Appalachian Mountains of southwestern North Carolina and eastern Tennessee. We measured soil chemistry (total N, C, extractable PO 4 , soil pH, cation exchange capacity [ECEC], percent base saturation [% BS]) and dissected soil fungal communities using ITS2 metabarcode Illumina MiSeq sequencing. Total soil N, C, PO 4 , % BS, and pH increased with elevation and plateaued at approximately 1400 m, whereas ECEC linearly increased and C/N decreased with elevation. Fungal communities differed among locations and were correlated with all chemical variables, except PO 4 , whereas OTU richness increased with total N. Several ecological guilds (i.e., ectomycorrhizae, saprotrophs, plant pathogens) differed in abundance among locations; specifically, saprotroph abundance, primarily attributable to genus Mortierella, was positively correlated with elevation. Ectomycorrhizae declined with total N and soil pH and increased with total C and PO 4 where plant pathogens increased with total N and decreased with total C. Our results demonstrate significant turnover in taxonomic and functional fungal groups across elevational gradients which facilitate future predictions on forest ecosystem change in the southern Appalachians as nitrogen deposition rates increase and regional temperature and precipitation regimes shift.
Introduction
Complex fungal assemblages of symbionts, parasites, and saprophytes occur through large geographical and climatic regions and can be highly diverse [1] . Across landscapes, such as the southern Appalachian Mountains, knowledge of fungal community dynamics is limited [2] [3] [4] because of tedious and often inconsistent methods for field sampling and taxon identification. However, metabarcode sequencing [5, 6] has allowed for the identification of fungal groups at a high taxonomic resolution facilitating a more holistic view of fungal community composition within and across landscapes.
Environmental factors such as available soil nutrients [7, 8] or soil moisture [9] can drive fungal community composition. For example, Avis [10] observed that ectomycorrhizal (ECM) sporocarp richness and abundance decreased by more than 50% in nitrogen fertilized plots. Trudell and Edmonds [11] determined that both total soil nitrogen and soil moisture strongly influenced sporocarp production across a nitrogen Allison 
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Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00248-017-1116-6) contains supplementary material, which is available to authorized users. availability gradient and that changes in production were due to functional differentiation between species. It has been documented that ECM sporocarp abundance associated with Scots Pine have substantially declined in Europe partially due to N deposition [12, 13] . Fungal diversity, as determined by rRNA gene sequencing, may also decrease due to changes in plant-derived carbon resulting from N fertilization [9] . Similarly, carbon quality can define phylogenetically distinct fungal communities across land use [8] . In sum, fungal communities respond strongly to many edaphic variables, but particularly to the quantity and quality of nitrogen and carbon pools.
Passage of the Clean Air Act of 1970 and the Clean Air Act Amendment of 1990 have resulted in reduced levels of sulfur oxides in the atmosphere across the eastern USA [14] . Yet, levels of nitrous oxides have remained stable and nitrogen deposition continues [15, 16] , mainly because of anthropogenic factors such as urbanization [17] . Nitrogen deposition across landscapes is related to rainfall amount and proximity to urbanized areas. Air currents move atmospheric nitrogen from urban areas and greater nitrogen deposition occurs in areas of high rainfall, such as high elevation montane habitats. Nitrogen deposition increases with elevation in the southern Appalachian Mountains: lower elevations (780 m) receive 9.5 kg ha −1 year
, whereas higher elevations (1380 m) receive 12.4 kg ha −1 year −1 [16] . Not only are higher elevation forests subject to greater N deposition, but also to greater litterfall N and stream N export [16] . Prolonged nitrogen deposition can result in N saturation (N availability is greater than plant and microbial uptake) and reductions in plant growth and primary production [18, 19] . However, the impact of N deposition on soil fungal communities in montane forests, particularly in the Appalachian Mountains, remains largely unknown. Incremental long-term nitrogen increases have measurable effects on ECM composition and abundance. For example, sporocarp production may be an effective bioindicator of nitrogen deposition [11] . One such mycorrhizal group, the stipitate hydnate fungi, is abundant in forested ecosystems, but has dramatically decreased in the southern USA as documented in several monographic investigations [4, 20] . The decline of ECM sporocarps in Europe has been linked to eutrophication [12, 13, 21] , resulting in increased abundances of fungal saprobes [4] . The evolution of new sequencing methods to evaluate fungal community dynamics bears the promise of yielding information to answer questions about commonly occurring fungi at sites with previous records of sporocarp production. Furthermore, assessing changes in soil chemical variables and concurrent fungal community shifts is critical for identifying nitrophilic and nitrophobic indicator fungi and subsequently understanding changes in forest health.
Our goal was to improve current understanding on how abiotic (soil chemistry) and biotic (vegetation community) gradients may alter the fungal communities in southern Appalachian forests. Specifically, we aimed to determine (1) the differences in soil chemistry across an elevation gradient and (2) the correlation between fungal diversity, ecological guild abundances (e.g., ECM, plant pathogens, saprotrophs), and community composition with soil chemical variables measured within this ecosystem. These data provide necessary baseline information on the relationship between fungal community dynamics and environmental gradients and may thus aid future work in how anthropogenic factors influence forest health.
Methods

Site Description
The study was conducted in the southern Appalachian Mountains of North Carolina and eastern Tennessee. The North Carolina sites are in the Coweeta Hydrologic Laboratory (CWT), a USDA Forest Service Experimental Forest and National Science Foundation Long-Term Ecological Research (LTER) site in southwestern North Carolina, whereas Tennessee sites are in the Great Smoky Mountain National Park (GRSM). In CWT, five study locations were established in 1991 representing a gradient in elevation (788-1389 m) and across the major vegetation community types within the Coweeta basin [22] [23] [24] . These vegetation types include dry mixed-oak pine (OP), cove hardwoods (CH), low elevation mesic mixed-oak (LO), high elevation mesic mixed-oak (HO), and northern hardwoods (NH; Table 1 ). In 2013, three study locations from GRSM were added to extend the elevation gradient (1539-1940 m) and increase the diversity of plant communities including high elevation northern hardwood (HNH), mixed northern hardwood spruce fir (NHS), and spruce fir (SF; Table 1 ).
Soil Sampling
In December 2013, we sampled for soil chemistry and fungal communities from all 8 study locations (Table 1) following previously established sampling protocols [22] . In brief, we randomly selected 8 x, y coordinates within each 80 × 80 m location for soil sampling; all soil samples were collected using a 2.54-cm diameter soil probe. Fungal community samples represented the top 5 cm of mineral soil plus the Oa horizon which consisted of a mor type of forest floor humus with well-decomposed organic matter of an unrecognizable origin. At each x, y location, we collected 6-10 subsamples and pooled them into one composite (8 composited samples × 8 study locations, N = 64). Each composite sample represents an experimental unit (N = 64). Soil samples for all soil chemistry analyses were collected similarly. Soils were placed on ice and returned to the laboratory. Upon arrival, soils for all measured nutrients, described below, were refrigerated at 4°C for up to 72 h prior to processing whereas fungal community soils had large roots and litter fragments removed and then stored at − 80°C until DNA extractions.
Soil Chemical Analyses
Samples for chemical analyses were air dried and sieved through a 2 mm sieve. All soil chemical data are presented on an air-dry weight basis. Soil pH was determined in a 1:1 soil to 0.01 M CaCl 2 slurry using a Thermoscientific Orion 3-star pH bench-top meter with a Thermo Scientific Orion pH probe. We extracted 5.0 g of soil with 50-ml 1.0 M NH 4 Cl on a mechanical vacuum extractor (SampleTek, Science Hill, KY, USA) for determination of exchangeable cation concentrations followed by determination of effective cation exchange capacity (ECEC) by rinsing the soil with 95% ethanol to extract remaining NH 4 with 1 M KCl. Cation concentrations in NH 4 Cl solution were determined using an inductively coupled plasma spectrometer (ICP) (Thermo Fisher iCAP 6300, Thermo Fisher Scientific, Madison, WI, USA); NH 4 concentration in KCl extraction solution was determined colorimetrically using the alkaline phenol method [25] and used to calculate ECEC (meq 100 kg soil −1 ). Percent base saturation (% BS) was calculated: %BS = ((Ca + Mg + Na + K) / ECEC) * 100. Extractable phosphate (PO 4 ) was determined by extracting 5.0 g of soil in 20-ml dilute double acid (0.05 M HCl + 0.0125 M H 2 SO 4 ) followed by centrifugation; PO 4 in solution was determined by ICP as described above [26, 27] . Subsamples (~5 g) of each soil sample were ground to a fine powder prior to total C and N analysis by combustion using a Flash EA 1112 series CN analyzer (CE Elantech, Lakewood, NJ, USA).
DNA Extraction and Illumina MiSeq Library Preparation
Total DNA was extracted from three replicate 0.5 g subsamples of each composite soil sample (n = 192) using a Technical PCR replicates from each experimental unit were pooled and cleaned with a magnetic bead system (AmPure SPRI; Beckman Coulter, Inc., Brea, CA, USA) using a ratio of 1:1 AMPure bead solution to PCR volume to remove short PCR amplicons and residual primers. The cleaned amplicons (one per experimental unit) were quantified and pooled equally (100 ng per sample). The amplicon library was paired-end sequenced at the Integrated Genomics Facility at Kansas State University using Illumina MiSeq (v. 3; 2 × 300 cycles).
Bioinformatic Analyses
Sequence data (.fastq) were processed using the mothur pipeline (version 1.33.3) [30] . Sequences were joined (22,365,729 reads after joining) and reads with any ambiguous bases, any mismatches to primers or MIDs, homopolymers longer than 8 bp, or less than 300 bp in length were removed. Sequences were truncated to 300 bp and preclustered to reduce potential sequencing biases [31] resulting in 3,049,142 sequences. Subsequently, sequences were screened for chimeras using the uchime algorithm [32] . After removal of chimeras (78,029 chimeric sequences detected), a pairwise distance matrix was calculated and sequences clustered into operational taxonomic units (OTUs) at 97% sequence similarity. OTUs were assigned to taxonomic affinities using the Naïve Bayesian Classifier [33] with the UNITE taxonomy reference database (http://unite.ut.ee/respository.php). No contaminant OTUs (unclassified to Kingdom Fungi, plant) were detected (2,971,113 high-quality sequences). Experimental units were subsampled to 5400 sequences, and singletons and doubletons were removed as these are likely sequencing artifacts [34, 35] 
Statistical Analysis
One of our goals was to determine if soil chemistry (response variables: total N, total C, C/N, PO 4 , soil pH, % BS, and ECEC) and fungal diversity estimates (response variables: richness [S obs , Chao1], diversity [complement of Simpsons Diversity], and evenness [Simpson's Evenness]) differed among study locations (categorical explanatory variable) or elevation (continuous explanatory variable). As a result, we used two separate statistical models to evaluate study location and elevation effects-Kruskal-Wallis rank sum tests to test for location effects and linear regressions with a normal error distribution to determine elevational differences in soil chemistry. We also used Spearman's correlation coefficients to identify which soil chemical variables significantly correlated with each other (function rcorr in the Hmisc package) [36] .
Because some response variables were not normally distributed, a nonparametric Kruskal-Wallis rank sum test was used to determine differences among study locations (function kruskal.test in PMCMR package) [37] . Dunn's post hoc correction for multiple pairwise comparisons test of mean rank sums was subsequently performed for each Kruskal-Wallis test that was statistically significant (posthoc.kruskal.dunn.test in PMCMR package) [37] . A linear regression model was used to discern elevation differences (function lm in the stats package). Some response variables exhibited data curvature across elevation (i.e., plateaued at intermediate elevations); we elected to also run quadratic regression models to account for this. An ANOVA for linear model fits was then used to determine whether a linear or quadratic regression significantly reduced model SSE (function anova in stats package) [38] . This approach identifies if there is a significant reduction in residual SSE if the quadratic term is added to the model. If the quadratic term did not significantly reduce model SSE, then the linear model is reported. Otherwise, the model with quadratic term included is reported. For regression models, total C, ECEC, and % BS were log 10 -transformed prior to analyses.
We also used a multiple, linear regression model with a stepwise selection and Akaikie's information criterion (AIC) minimization procedure (function stepAIC in MASS package) [39, 40] to determine if soil chemistry (total N, total C, PO 4 , soil pH, and % BS) and elevation explains variation in fungal diversity estimates. C/N and ECEC were multicollinear across multiple variables and were thus excluded from these analyses. Further, study location SF had only 1 viable set of technical replicates extracted from the 8 sample collection locations; therefore, data from this location were not included in statistical analyses, but were included in study location characteristics and beta diversity for comparison purposes. Simpson's diversity was arc-sin transformed prior to multiple regression analyses.
Bray-Curtis dissimilarity matrices were calculated from fungal OTU abundances and used in non-metric dimensional scaling (NMDS) ordinations (function metaMDS in vegan package) [41] to visualize fungal community compositional differences. We set the number of NMDS dimensions to 3 dimensions and maximum number of random starts to 20. This configuration provided an acceptable stress value of 0.16. Bray-Curtis dissimilarity was used as input for a permutational multivariate ANOVA model (perMANOVA, 999 permutations, function adonis in vegan package) [41, 42] to determine how much variation in community composition was represented by study location. We then conducted further pairwise comparisons to determine which locations differed in fungal community composition (function pairwise.perm.manova in RVAideMemoire package) [43] . Environmental vectors were also fit with the NMDS ordination (function envfit in vegan) [41] to determine which variables (elevation, total N, total C, soil pH, PO 4 , % BS) were most strongly correlated with fungal community composition across locations. We provide only those environmental vectors which significantly correlated with community composition (p < 0.05).
We classified each OTU into an ecological guild using FUNGuild [44] , to determine if specific functional groups of fungi differed among study locations and across the measured environmental gradients. Only those OTUs that were identified with a confidence level designated as Bhighly probableô r Bprobable^ [44] were included in this analysis. OTUs which remained unclassified or were classified to a guild as Bpossible^were considered Bunclassified^and were excluded from further analyses. In addition, OTUs which were placed in more than 1 guild, with confidence, were placed in the B> 1 guild^category (e.g., Cladophialophora spp. could be an animal pathogen or an undefined saprotroph). OTUs which were confidently classified were further annotated individually as some genera were either incorrectly classified into a guild (e.g., Pyrenochaeta as a saptrotroph) or belong in multiple guilds but originally classified into one guild (e.g., Ceratobasidium can be a saprotroph or pathogen). Undefined pathogens refer to pathogens not specific to fungi, animals, or plants whereas undefined saprotrophs refer to saprotrophs not specific to wood or litter-soil. Further, we exclude endophyte guilds as these are not relevant for understanding how soil fungi shifted in this study. The relative abundance of each guild was calculated across samples, and differences among locations were determined using nonparametric Kruskal-Wallis rank sum tests. Further, stepwise regression models, with an AIC minimization procedure, were used to determine if variation in functional guild abundances were explained by any of the measured soil chemical variables and elevation. Lastly, the most abundant genera confidently classified to an ecological guild (the 18 most abundant genera comprising 50% of sequences) were also analyzed for study location differences (Kruskal-Wallis rank sum tests) and variation explained by soil chemical variables and elevation (stepwise regression models). All statistical analyses were carried out in R (version 3.1.1) [45] using the type 1 error rate of α = 0.05 after post hoc statistical corrections when appropriate.
Results
Soil Chemical Variables Differ Across Elevation
All soil chemical variables differed among study locations (Table 2) , across elevation (Fig. 1) , and most chemical variables significantly correlated with each other (Supplementary Table 2 ). For example, total N (within location means: 1.4-7.1 g kg soil
) concentrations varied among locations (χ 2 = 43.21, p < 0.001); NH at CWT (highest elevation at CWT) had significantly higher N than other, lower elevation locations (Table 2) . Both total N and total C concentrations increased with elevation and plateaued at~1400 m elevation at the NH study location (Adj. R 2 = 0.57, p < 0.001; Fig. 1 ). PO 4 increased in concentration until~1400 m in elevation, then declined (Adj. R 2 = 0.30, p < 0.001). Soil pH showed a similar trend (Adj. R 2 = 0.51, p < 0.001; Fig. 1 ). Percent BS increased until~1400 m in elevation, then declined (Adj. R 2 = 0.35, p < 0.001). ECEC linearly increased with increasing elevation (Adj. R 2 = 0.77, p < 0.001; Fig. 1 ), whereas soil C/N decreased with increasing elevation (Adj. R 2 = 0.23, p < 0.001; Fig. 1 ).
Fungal Diversity and Community Composition
Good's coverage was high on average (mean = 0.97) indicating that fungal communities were adequately sampled. The observed OTU richness was greater at NH (mean ± standard deviation: 344 ± 23.6), the highest elevation location at CWT, compared to OP (280 ± 26.8) at CWT, the lowest elevation location (χ 2 = 13.10, p = 0.04) and increased with total N (Adj. R 2 = 0.12, p = 0.02). However, no other edaphic variable predicted OTU richness. Fungal diversity and evenness did not differ among sites (χ 2 ≤ 9.31, p ≥ 0.16) or across soil chemical variables and elevation (p ≥ 0.09).
Soil fungal communities were dominated by Basidiomycota with 189,043 sequences (66.1%), Ascomycota with 56,587 sequences (19.8%), and basal fungi (former Zygomycota) with 29,566 sequences (10.3%). Other phyla were infrequent (Glomeromycota-248 sequences , 0.09%; Chytridiomycota-143 sequences, 0.05%). The most abundant families were Russulaceae (12.6%), Mortierellaceae (10.0%), Herpotrichiellaceae (9.3%), Atheliaceae (6.1%), and Hygrophoraceae (5.2%). The most abundant genera were Mortierella (9.8%) and the ectomycorrhizal mushroom Lactarius (7.6%). Fungal communities differed compositionally among locations-30% of the observed variation in community composition was explained by this effect (perMANOVA: R 2 = 0.30, p = 0.001). Specifically, the three highest elevation sites-NH, HNH, and NHS-differed compositionally at the OTU level from other sites and each other at both CWT and GRSM (p ≤ 0.02; Supplementary Table 3) . Correlation between elevation and OTU community composition was greater than any measured soil chemistry variable (R 2 = 0.67, p = 0.001). Total N (R 2 = 0.58) and pH (R 2 = 0.58) had greater correlation coefficients with community composition (p = 0.001) than other chemical variables. Total C (R 2 = 0.43, p = 0.001) and % BS (R 2 = 0.24, p = 0.004) were also significantly correlated with community composition (Fig. 2) , whereas extractable PO 4 was not (R 2 = 0.10, p = 0.08). Total N and C vectors indicated that higher elevation fungal communities had greater total N whereas pH and % BS vectors indicated that mid to low elevation communities had greater pH and base saturation (Fig. 2) .
The abundance of three functional guilds (ectomycorrhizae, plant pathogens, and undefined saprotrophs) differed among study locations (Table 3) . Ectomycorrhizae were similar across locations, except the second lowest elevation, CH, was lower than all other locations (χ 2 = 18.58, p = 0.005; Table 3 ). Both undefined saprotrophs and plant pathogens had greater abundance either at NH at CWT (plant pathogens: χ 2 = 16.59, p = 0.01) or HNH at GRSM (saprotrophs: χ 2 = 22.89, p < 0.001) compared to at least one low elevation location (Table 3 ). There were several significant correlations between fungal guild abundances and soil chemical variables. Animal, plant, and undefined pathogens, and wood saprotrophs increased with total N (p ≤ 0.02). Mycoparasites (p < 0.001) and arbuscular mycorrhizae (p = 0.01) increased with total C, whereas plant pathogens (p < 0.001) and wood saprotrophs (p < 0.001) decreased with total C. Ectomycorrhizae (p = 0.03) increased with PO 4 (p = 0.03), whereas arbuscular mycorrhizae (p = 0.04), animal pathogens (p = 0.04), and undefined saprotrophs (p = 0.05) decreased with PO 4 . Ectomycorrhizae (p = 0.01), orchid mycorrhizae (p = 0.003), and wood saprotrophs (p = 0.004) decreased with soil pH, whereas undefined saprotrophs (p < 0.001) and arbuscular mycorrhizae (p = 0.02) increased with soil pH. Notably, undefined saprotroph abundance increased with elevation (p < 0.001) whereas other guilds did not (Supplementary Fungal Communities and Functional Guilds Shift Along an Elevational Gradient in the Southern Appalachian... Table 4 ). Ericoid mycorrhizae and litter-soil saprotrophs (Table 3) did not differ across elevation or any chemical variable.
Several abundant genera (which combined made up 50% of all sequences) confidently classified to a functional guild differed in relative abundance among study locations (Table 4) and varied with chemical variables or elevation (Supplementary Table 5 ). Among these, the ectomycorrhizal Amanita (p < 0.001) and saprotrophic Mortierella (p < 0.001) abundance increased with elevation. The ectomycorrhizal Lactifluus (p = 0.003) and Tomentella (p = 0.001) decreased with elevation. The mycorrhizal Clavulina (p = 0.01), Thelephora (p < 0.001), and mycoparasite Mycena (p = 0.001) decreased with soil pH, whereas Cryptococcus ( p < 0.001), saprotrophic Geminibasidium (p < 0.001), Mortierella (p = 0.02), and mycorrhizal Russula (p = 0.002) increased with soil pH. In addition, Cryptococcus (p < 0.001), Inocybe (p = 0.03), and Tomentella (p = 0.006) increased with total N, whereas Amanita (p < 0.001) decreased with total N. Lastly, Russula increased with total C (p = 0.001) and Hygrocybe increased with % BS (p = 0.03).
Discussion
In this study, higher elevation locations in the southern Appalachian Mountains were greater in soil N and C whereas lower elevation locations were greater in soil pH and base saturation-thus soil chemistry varied spatially. Furthermore, N increased at a greater rate compared to C along elevation as demonstrated by reductions in soil C/N with increasing elevation. Total nitrogen was the only measured predictor of fungal richness and the soil chemical variable with strongest correlation with fungal community composition, although other chemical factors (e.g., total C, soil pH) were also important correlates (Fig. 2) . Fungal saprotrophs, composed of primarily Mortierella abundance, increased with elevation whereas other guilds, such as ectomycorrhizae and plant pathogens, did vary among locations although no clear patterns along elevation were discernible. These results suggest that although soil chemical variables likely partly explain some variability in fungal community structure, other spatial effects drive community dynamics in this ecosystem. Pinpointing specific mechanisms for fungal community turnover across this gradient is not plausible-further experimentation will reveal the importance of local (abiotic and biotic) and regional-scale factors that influence fungal distributions in highly-diverse temperate forests, such as the southern Appalachian Mountains.
Fungal Diversity and Community Composition
A large proportion of variation in fungal community composition was explained by location (R 2 = 0.30, Fig. 1 ). These effects were largely due to the highest elevation locations-NH at CWT, HNH and NHS at GRSM-differing in community composition from other, low elevation locations (Fig. 1,  Supplementary Table 3 ). In addition, functional guilds such as plant pathogens, saprotrophs, and ectomycorrhizae exhibited turnover either among locations and/or across elevation (Table 3 ). Understanding elevation effects on diversity and community turnover is informative for understanding how future environmental scenarios (e.g., N deposition, vegetation) will select for either functional changes within fungal communities (turnover from an ECM-dominating community to a pathogenic one) or less biodiverse fungal assemblages. Global distribution analyses have indicated that overall fungal diversity is impacted by climatic factors primarily and chemical and spatial effects secondarily [46] . However, other studies suggest that spatial effects are as important as abiotic conditions, at least for AM fungi [47] . Regardless of specific Table 3 Ecological guilds relative abundance across study locations. Based on Kruskal-Wallis rank sum tests, guilds which differed among study locations are italicized. Plant pathogens, undefined saprotrophs, and ectomycorrhizae guilds differed among locations (p ≤ 0.05). Letters denote Dunn's post hoc correction for multiple comparisons of mean ranks after Kruskal-Wallis rank sum tests were deemed statistically significant a One replicate was recovered for fungal community composition therefore, this sample data is reported with no standard deviation b OTUs which were classified into greater than 1 guild had abundances summed and means calculated per location mechanisms for fungal community assembly and selection of hyper-diverse assemblages among local patches, the multitude of both spatial and chemical predictors in explaining community composition and functional guild abundances suggest that habitat filtering is at least partially driving soil fungal community turnover in this ecosystem. Although fungal diversity estimates did not differ among study locations, fungal richness increased with increasing soil total N concentrations and total N was most correlated with community composition, second only to elevation. These results contrast with others that indicate that fungal diversity declines with nitrogen fertilizer application [9, 48] or nitrogen deposition [49] due to the loss of diverse functional fungal groups, such as ectomycorrhizae [50] . In this study, we did see a decline in ectomycorrhizae with total N confirming previous findings [50] and an increase in pathogens (animal, plant, and undefined) and wood saprotrophs with total N. Two mutually non-exclusive reasons may be responsible for these results. Ecosystem N availability may change competitive pressure between fungal groups, allowing a greater number of copiotrophic fungi and increased species richness [48] while total N promotes fungi with pathogenic traits [51] . Although we cannot necessarily discern the life history strategies among fungi in this study, such as r-selected traits (i.e., copiotrophs), the prevalence of multiple groups of pathogens with increasing total N is in agreement with previous work that concludes selection of pathogens under high N scenarios [51] . These data indicate that future increases in N deposition [52] may select for a greater load of fungal pathogens potentially impacting other animal or plant biota. However, it is noteworthy that no pathogenic group was abundant and ranged between 0.003% abundance (undefined pathogens) to 1.23% (plant pathogens) whereas more common soil groups such as ectomycorrhizae (18-41%) and undefined saprotrophs (9-29%; Table 3 ) were most abundant. High throughput sequencing may not provide an accurate representation of all possible fungal groups as sequence data does not mirror organismal abundances [53] ; thus, these data require further validation and experimentation to confirm such conclusions.
Several variables we examined co-vary with elevation, including climatic variables and vegetation turnover not included in these analyses. For example, sites with greater total soil N concentrations also have higher rates of longterm N deposition, lower mean annual temperatures, and greater annual precipitation [16, 23] . Other studies indicate that climatic factors best predict fungal richness globally followed by chemical variables [46] . Therefore, the positive relationship between OTU richness and total soil N may be attributable to regional variation in climate or environmental perturbation, such as long-term atmospheric N deposition, or increased soil water availability due to greater precipitation [54] . Plant communities may also play a role in controlling microbial community structure as a result of belowground symbioses (e.g., mycorrhizal abundances), or selection of specific fungal functional groups [55, 56] . Plant species may select for specific fungal taxa in rhizosphere soils [57] . Many locations across the elevation gradient shared dominant plant species, such as the Chestnut Oak (Quercus prinus), whereas the NHS site was spruce-dominated (Red spruce; Picea rubens) mixed with American beech (Fagus grandifolia) but lacked oak species. Changes in litter chemistry or plant community turnover may strongly influence overall fungal community composition. For example, Uroz et al. [58] demonstrated that soil fungal community composition differentiates more so between tree species stands (Norway spruce and European beech stands) than between soil types (rhizosphere versus bulk soils) due to differences in litter chemistry or other plant-mediated edaphic conditions. Given the complexity in environmental covariates (temperature, precipitation, nutrients) across elevation [59] , we cannot conclude specific mechanisms to the relative contribution of spatial and chemical effects on fungal diversity and community composition.
Spatial and Environmental Variation Associated with Functional Guild Abundance
Ectomycorrhizal fungus abundance varied among study locations, but did not differ in abundance across elevation (Table 3, Supplementary Table 3 ). Yet, different genera dominated along the elevational gradient: Clavulina, Inocybe, and Thelephora were more abundant at high elevation areas, whereas Lactifluus and Tomentella were more abundant at lower elevations and declined overall with increasing elevation (Table 4) . Ectomycorrhizal groups can differ in host specificity and they can respond differentially to soil conditions [54, 60] which may contribute to the lack of elevational differences in ectomycorrhizal abundance. The dominant ectomycorrhizal family in this study was the Russulaceae, which includes Lactarius and Lactifluus (known as milkcaps) [61] , and Russula (Table 4) . Russula species have been abundant in previous studies in this ecosystem, whereas Lactarius species have not been detected at spruce-fir NHS or SF locations previously [54, [60] [61] [62] [63] [64] . In similar northern hardwood forested ecosystems, Clavulina, Lactifluus, and Russula species are common [63, 65, 66] , but other commonly observed genera, such as Laccaria, were not detected in this study. Further, the ectomycorrhizal fungus Piloderma has been reported in previous studies on leaf litter surface in hardwood forest ecosystems in CWT and GRSM [63, 65] . It was rarely observed here, possibly because of our choice of omitting leaf litter material during soil sample collection. Other common ectomycorrhizal fungi were members of genus Tomentella which are observed in forest habitats primarily as resupinate basidiomata on wood appearing to be saprotrophs, Table 4 The 18 most abundant fungal genera across the study confidently designated with a guild. Relative abundance represents means across all samples. Genera which differed in abundance across study locations are italicized. Letters denote Dunn's post hoc correction for multiple comparisons of mean ranks after Kruskal-Wallis rank sum tests were deemed statistically significant. SF had one sample for fungal communities; therefore, only that sample data is given and no mean or standard deviations are included but members of the genus have also been reported as root symbionts at the soil surface and on roots embedded in decaying wood [67] . The lower abundance of Tomentella in the spruce-fir zone may be due to its nutritional requirements or lack of available arthropod and other animal vectors that play an important role in the dispersal of basidiospores [68] . Saprotrophs were the second most abundant guild which increased in abundance with increasing elevation (Table 3) . This group had significantly greater abundance at HNH compared to OP (lowest elevation) and HO at CWT (Table 3) , a result primarily driven by changes in Mortierella abundance (Table 4) . Mortierella species have been reported to be saprobes on soil and roots in forest ecosystems [69, 70] or acting as plant root endophytes [71] . Although Mortierella abundance did not correlate with soil N or C concentrations (Supplementary Table 5 ), it may either be tracking changes in nutrient quality instead of quantity or partially be driven by vegetation turnover due to its potentially endophytic trophic lifestyle. However, its overall ecology within soils and association with plant roots requires further testing. Both Cryptococcus, a dominant genus in this study (3.7% relative abundance; Table 4 ), and Mortierella were absent from similar habitats in CWT that were studied using cloning and sequencing of soils from Eastern hemlock and rhododendron study areas in this ecosystem [62, 64] . The mushroom forming saprotrophic genus Hygrocybe, also dominant (4.7% relative abundance, Table 4 ), had the second highest abundance of saprophytic fungi and showed greatest abundance at low elevation. Hygrocybe species are more common in young forest stands in lower elevations [60] and dependent on soil C and N fruiting more abundantly when nutrients are low [72] . Despite this, Hygrocybe constituted 80.9% sequence abundance of all genera in the SF community (N = 1; Table 4 ) so they may be dominant, and potentially frequently dormant, soil fungi in high elevation sites, although not detected previously.
In conclusion, fungal community dynamics were influenced by both spatial and soil chemistry gradients in this ecosystem. Saprotrophic fungi increased in abundance with elevation whereas fungal richness and pathogen abundance increased with total N. Although the decay process can be slow within high elevation habitats due to low soil and litter pH, a cooler climate, and shorter growing season, greater abundances in saprotrophs may have consequences for decomposition in these locations. Over time, as N deposition and air temperature increase due to urbanization and climate change, spruce-fir sites will potentially see increases in soil pathogens. Spatial changes in fungal communities can serve as a baseline for understanding the underlying processes impacting fungal functional turnover and forest health. Our contribution establishes a foundation for future forest monitoring of critical taxa that may be impacted by anthropogenically driven environmental change within the southern Appalachian Mountains.
